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(57) ABSTRACT

Methods for fabricating light emitting diode (LED) chips
comprising providing a plurality of LEDs typically on a sub-
strate. Pedestals are deposited on the LEDs with each of the
pedestals in electrical contact with one of the LEDs. A coating
is formed over the LEDs with the coating burying at least
some of the pedestals. The coating is then planarized to
expose at least some of the buried pedestals while leaving at
least some of said coating on said LEDs. The exposed ped-
estals can then be contacted such as by wire bonds. The
present invention discloses similar methods used for fabricat-
ing LED chips having LEDs that are flip-chip bonded on a
carrier substrate and for fabricating other semiconductor
devices. LED chip wafers and LED chips are also disclosed
that are fabricated using the disclosed methods.
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WAFER LEVEL PHOSPHOR COATING
METHOD AND DEVICES FABRICATED
UTILIZING METHOD

This application is a continuation-in-part of and claims the
benefit of U.S. patent application Ser. No. 11/656,759 to
Chitnis et al., filed on Jan. 22, 2007.

This invention was made with Government support under
Contract USAF 05-2-5507. The Government has certain
rights in this invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to methods for fabricating semicon-
ductor devices and in particular methods for wafer level coat-
ing of light emitting diodes.

2. Description of the Related Art

Light emitting diodes (LED or LEDs) are solid state
devices that convert electric energy to light, and generally
comprise one or more active layers of semiconductor material
sandwiched between oppositely doped layers. When a bias is
applied across the doped layers, holes and electrons are
injected into the active layer where they recombine to gener-
ate light. Light is emitted from the active layer and from all
surfaces of the LED.

Conventional LEDs cannot generate white light from their
active layers. Light from a blue emitting LED has been con-
verted to white light by surrounding the LED with a yellow
phosphor, polymer or dye, with a typical phosphor being
cerium-doped yttrium aluminum garnet (Ce:YAG). [See
Nichia Corp. white LED, Part No. NSPW300BS,
NSPW312BS, etc.; See also U.S. Pat. No. 5,959,316 to Low-
rey, “Multiple Encapsulation of Phosphor-LED Devices”].
The surrounding phosphor material “downconverts” the
wavelength of some of the LED’s blue light, changing its
color to yellow. Some of the blue light passes through the
phosphor without being changed while a substantial portion
of' the light is downconverted to yellow. The LED emits both
blue and yellow light, which combine to provide a white light.
In another approach light from a violet or ultraviolet emitting
LED has been converted to white light by surrounding the
LED with multicolor phosphors or dyes.

One conventional method for coating an LED with a phos-
phor layer utilizes a syringe or nozzle for injecting a phosphor
mixed with epoxy resin or silicone polymers over the LED.
Using this method, however, it can be difficult to control the
phosphor layer’s geometry and thickness. As a result, light
emitting from the LED at different angles can pass through
different amounts of conversion material, which can result in
an LED with non-uniform color temperature as a function of
viewing angle. Because the geometry and thickness is hard to
control, it can also be difficult to consistently reproduce LEDs
with the same or similar emission characteristics.

Another conventional method for coating an LED is by
stencil printing, which is described in European Patent Appli-
cation EP 1198016 A2 to Lowery. Multiple light emitting
semiconductor devices are arranged on a substrate with a
desired distance between adjacent LEDs. The stencil is pro-
vided having openings that align with the LEDs, with the
holes being slightly larger than the LEDs and the stencil being
thicker than the LEDs. A stencil is positioned on the substrate
with each of the LEDs located within a respective opening in
the stencil. A composition is then deposited in the stencil
openings, covering the LEDs, with a typical composition
being a phosphor in a silicone polymer that can be cured by
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heat or light. After the holes are filled, the stencil is removed
from the substrate and the stenciling composition is cured to
a solid state.

Like the syringe method above, using the stencil method
can be difficult to control the geometry and layer thickness of
the phosphor containing polymer. The stenciling composition
may not fully fill the stencil opening such that the resulting
layer is not uniform. The phosphor containing composition
can also stick to the stencil opening which reduces the amount
of composition remaining on the LED. The stencil openings
may also be misaligned to the LED. These problems can
result in LEDs having non-uniform color temperature and
LEDs that are difficult to consistently reproduce with the
same or similar emission characteristics.

Various coating processes of LEDs have been considered,
including spin coating, spray coating, electrostatic deposition
(ESD), and electrophoretic deposition (EPD). Processes such
as spin coating or spray coating typically utilize a binder
material during the phosphor deposition, while other pro-
cesses require the addition of a binder immediately following
their deposition to stabilize the phosphor particles/powder.

With these approaches the key challenge is accessing the
wire bond pad on the device after the coating process. Access-
ing the wire bond by standard wafer fabrication techniques is
difficult with typical silicone binding material, as well as
other binder materials such as epoxies or glass. Silicones are
not compatible with commonly used wafer fabrication mate-
rials such as acetone, as well as some developers, and resist
strippers. This can limit the options and choices for the par-
ticular silicones and process steps. Silicones are also cured at
high temperature (greater than 150° C.), which is beyond the
glass transition temperature of commonly used photoresists.
Cured silicone films with phosphor are also difficult to etch
and have avery slow etchrate in chlorine and CF, plasma, and
wet etching of cured silicones is typically inefficient.

SUMMARY OF THE INVENTION

The present invention discloses new methods for fabricat-
ing semiconductor devices such as LED chips at the wafer
level, and discloses LED chips and LED chip wafers fabri-
cated using the methods. One method for fabricating light
emitting diode (LED) chips according to the present inven-
tion comprises providing a plurality of LEDs typically on a
substrate. Pedestals are formed on the LEDs with each of the
pedestals in electrical contact with one of the LEDs. A coating
is formed over said LEDs, with the coating burying at least
some of the pedestals. The coating is then planarized leaving
some of said coating material on said LEDs while exposing at
least some of the buried pedestals, making them available for
contacting. The present invention discloses similar methods
used for fabricating LED chips comprising LEDs flip chip
mounted on a carrier substrate. Similar methods according to
the present invention can also be used for fabricating other
semiconductor devices.

One embodiment of a light emitting diode (LED) chip
wafer fabricated using methods according to the present
invention comprises a plurality of LEDs on a substrate wafer
and a plurality of pedestals, each of which is in electrical
contact with one of the LEDs. A coating at least partially
covers the LEDs with at least some of the pedestals extending
through and to the surface of the coating. The pedestals are
exposed at the surface of the coating.

One embodiment of a light emitting diode (LED) chip
manufactured using methods according to the present inven-
tion comprises an LED on a substrate and a pedestal in elec-
trical contact with the LED. A coating at least partially cov-
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ering the LED, with the pedestal extending through and to the
surface of the coating and exposed at the surface of the coat-
ing.

In accordance with certain aspects of the present invention,
the coating can include phosphor particles that downconvert
at least some of the light emitted from the active region of the
LED chip to produce white light, thereby producing a white
LED chip.

These and other aspects and advantages of the invention
will become apparent from the following detailed description
and the accompanying drawings which illustrate by way of
example the features of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1a through 1e are sectional views of one embodi-
ment of an LED chip wafer at fabrication steps in one method
according to the present invention;

FIGS. 2a through 2g are sectional views of another
embodiment of an LED chip wafer at fabrication steps in
another method according to the present invention;

FIG. 3 is a sectional view of another embodiment of an
LED chip wafer according to the present invention having
microwire pedestals;

FIG. 4 is a sectional view of another embodiment of an
LED chip wafer according to the present invention having a
reflective layer;

FIGS. 5a through 5e are sectional views of one embodi-
ment of a flip-wafer bonded LED chip wafer at fabrication
steps in another method according to the present invention;

FIG. 6 is a sectional view of another embodiment of an
LED chip wafer according to the present invention having a
reflective layer;

FIG. 7 is a flow diagram for one embodiment of a method
according to the present invention for fabricating LED chips;

FIGS. 8a through 84 are sectional views of another
embodiment of an LED chip wafer at fabrication steps in a
method according to the present invention utilizing a prefab-
ricated coating;

FIGS. 9a through 9c are sectional views of another
embodiment of an LED chip wafer at fabrication steps in a
method according to the present invention having recesses in
the coating;

FIG. 10 is a sectional view of another embodiment of an
LED chip wafer according to the present invention;

FIG. 11 is also a sectional view of another embodiment of
an LED chip wafer according to the present invention;

FIG. 12 is a sectional view of one embodiment of an LED
array according to the present invention;

FIG. 13 is a sectional view of another embodiment of an
LED array according to the present invention;

FIG. 14 is a sectional view of an embodiment of an LED
chip wafer according to the present invention having a trans-
parent substrate;

FIG. 15 is a sectional view of another embodiment of an
LED chip wafer according to the present invention having a
transparent substrate;

FIG. 16 is a sectional view of another embodiment of an
flip-chip LED chip wafer according to the present invention;

FIG. 17 is a sectional view of another embodiment of an
LED chip having a phosphor loading carrier substrate;

FIGS. 18a through 18d are sectional views of another
embodiment of an LED chip wafer at fabrication steps in a
method according to the present invention utilizing a trenched
substrate;
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FIG. 19 is a sectional view of another embodiment of an
LED chip according to the present invention having a textured
surface;

FIG. 20 is a top view of another embodiment of an LED
chip according to the present invention having a current
spreading structure;

FIG. 21 is a sectional view of another embodiment of an
LED chip according to the present invention having a textured
surface;

FIG. 22 is a sectional view of another embodiment of an
LED chip according to the present invention having a textured
surface;

FIG. 23 is a sectional view of another embodiment of an
LED chip according to the present invention;

FIG. 24 is a sectional view of another embodiment of an
LED chip according to the present invention;

FIG. 25 is a sectional view of another embodiment of an
LED chip according to the present invention;

FIG. 26 is a sectional view of another embodiment of an
LED chip according to the present invention;

FIG. 27 is a sectional view of another embodiment of an
LED chip according to the present invention having a dome
shaped coating;

FIG. 28 is a sectional view of another embodiment of an
LED chip according to the present invention having a concave
shaped coating;

FIG. 29 is a sectional view of another embodiment of an
LED chip according to the present invention having a coating
with a textured surface;

FIG. 30 is a sectional view of another embodiment of an
LED chip according to the present invention having portions
with different concentrations of phosphors;

FIG. 31 is a sectional view of another embodiment of an
LED chip according to the present invention having portions
with different concentrations of phosphors;

FIG. 32 is a sectional view of an LED package according to
the present invention;

FIG. 33 is a top view of the LED package in FIG. 32;

FIG. 34 is a table showing performance characteristics for
an LED package according to the present invention; and

FIG. 35 is graph showing performance characteristics for
different LED packages according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides fabrication methods that
are particularly applicable to wafer level coating of semicon-
ductor devices such as LEDs. The present invention also
provides semiconductor devices, such as LEDs fabricated
using these methods. The present invention allows coating of
LEDs at the wafer level with a down-converter layer (e.g.
phosphorloaded silicone) while still allowing access to one or
more of the contacts for wire bonding. According to one
aspect of the present invention, electrically conducting ped-
estals/posts are formed on one or both of the LED contacts
(bond pads) while the LEDs are at the wafer level. These
pedestals can be fabricated using known techniques such as
electroplating, electroless plating, stud bumping, or vacuum
deposition. The wafer can then be blanket coated with a
down-converter coating layer, burying the LEDs, contacts
and pedestals. Each of the pedestals act as a vertical extension
of its contact, and although the blanket coating with the
down-converter coating temporarily covers the pedestals, the
coating can be planarized and thinned to expose the top sur-
face or top portion of the pedestals. The pedestals should be
tall enough (10-100 um) to project through the desired final
coating thickness. After planarizing the pedestals are exposed
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for external connection such as by wire bonding. This process
occurs at the wafer level and at a subsequent fabrication step,
the individual LEDs chips can be separated/singulated from
the wafer using known processes.

The present invention eliminates complex wafer fabrica-
tion processes to access wire bond pads after blanket coating.
Instead a simple and cost effective approach is utilized. It
allows for wafer level coating of semiconductor devices with-
out the need for alignment. A wide variety of coating tech-
nologies can be used such as spin-coating of phosphor loaded
silicone mixture, or electrophoretic deposition of phosphor
followed by blanket coating of silicone or other binding mate-
rial. Mechanical planarization allows thickness uniformity
over the wafer and thickness uniformity of the coat can be
achieved over a wide thickness range (e.g. 1 to 100 um).
White LED chip color point may be fine tuned by controlling
the final coat thickness, including using an iterative approach
(e.g. grind, test, grind, etc.) which will result in tightly binned
white LEDs. This approach is also scalable to large wafer
sizes.

The present invention is described herein with reference to
certain embodiments but it is understood that the invention
can be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein. In
particular, the present invention is described below in regards
to coating LEDs with a down-converter coating that typically
comprises a phosphor loaded binder (“phosphor/binder coat-
ing”), but it is understood that the present invention can be
used to coat LEDs with other materials for down-conversion,
protection, light extraction or scattering. It is also understood
that the phosphor binder can have scattering or light extrac-
tion particles or materials, and that the coating can be elec-
trically active. The methods according to the present inven-
tion can also be used for coating other semiconductor devices
with different materials. Additionally, single or multiple coat-
ings and/or layers can be formed on the LEDs. A coating can
include no phosphors, one or more phosphors, scattering
particles and/or other materials. A coating may also comprise
a material such as an organic dye that provides down-conver-
sion. With multiple coatings and/or layers, each one can
include different phosphors, different scattering particles,
different optical properties, such as transparency, index of
refraction, and/or different physical properties, as compared
to other layers and/or coatings.

It is also understood that when an element such as a layer,
region or substrate is referred to as being “on” another ele-
ment, it can be directly on the other element or intervening
elements may also be present. Furthermore, relative terms
such as “inner”, “outer”, “upper”, “above”, “lower”,
“beneath”, and “below”, and similar terms, may be used
herein to describe a relationship of one layer or another
region. It is understood that these terms are intended to
encompass different orientations of the device in addition to
the orientation depicted in the figures.

Although the terms first, second, etc. may be used herein to
describe various elements, components, regions, layers and/
or sections, these elements, components, regions, layers and/
or sections should not be limited by these terms. These terms
are only used to distinguish one element, component, region,
layer or section from another region, layer or section. Thus, a
first element, component, region, layer or section discussed
below could be termed a second element, component, region,
layer or section without departing from the teachings of the
present invention.

Embodiments of the invention are described herein with
reference to cross-sectional view illustrations that are sche-
matic illustrations of idealized embodiments of the invention.

10

15

20

25

30

35

40

45

50

55

60

65

6

As such, variations from the shapes of the illustrations as a
result, for example, of manufacturing techniques and/or tol-
erances are expected. Embodiments of the invention should
not be construed as limited to the particular shapes of the
regions illustrated herein but are to include deviations in
shapes that result, for example, from manufacturing. A region
illustrated or described as square or rectangular will typically
have rounded or curved features due to normal manufacturing
tolerances. Thus, the regions illustrated in the figures are
schematic in nature and their shapes are not intended to illus-
trate the precise shape of a region of a device and are not
intended to limit the scope of the invention.

FIGS. 1a through 1e show one embodiment of wafer level
LED chips 10 manufactured using a method according to the
present invention. Referring now to FIG. 1a, the LEDs chips
10 are shown at a wafer level of their fabrication process. That
is, the LEDs chips 10 have not been through all the steps
necessary before being separated/singulated from wafer into
individual LED chips. Phantom lines are included to show
separation or dicing line between the LED chips 10 and
following additional fabrication steps, and as shown in FIG.
1e the LEDs chips can be separated into individual devices.
FIGS. 1a through 1e also show only two devices at the wafer
level, but it is understood that many more LED chips can be
formed from a single wafer. For example, when fabricating
LED chips having a 1 millimeter (mm) square size, up to 4500
LED chips can be fabricated on a 3 inch wafer.

Each of the LED chips 10 comprises a semiconductor LED
12 that can have many different semiconductor layers
arranged in different ways. The fabrication and operation of
LEDs is generally known in the art and only briefly discussed
herein. The layers of the LED 10 can be fabricated using
known processes with a suitable process being fabrication
using metal organic chemical vapor deposition (MOCVD).
The layers of the LEDs 12 generally comprise an active
layer/region 14 sandwiched between first and second oppo-
sitely doped epitaxial layers 16, 18, all of which are formed
successively on a substrate 20. In this embodiment the LEDs
12 are shown as separate devices on the substrate 20. This
separation can be achieved by having portions of the active
region 14 and doped layers 16, 18 etched down to the sub-
strate 20 to form the open areas between the LEDs 12. In other
embodiments and as described in more detail below, the
active layer 14 and doped layers 16, 18 can remain continuous
layers on the substrate 20 and can be separated into individual
devices when the LED chips are singulated.

Itis understood that additional layers and elements can also
be included in the LED 12, including but not limited to buffer,
nucleation, contact and current spreading layers as well as
light extraction layers and elements. The active region 14 can
comprise single quantum well (SQW), multiple quantum
well (MQW), double heterostructure or super lattice struc-
tures. In one embodiment, the first epitaxial layer 16 is an
n-type doped layer and the second epitaxial layer 18 is a
p-type doped layer, although in other embodiments the first
layer 16 can be p-type doped and the second layer 18 n-type
doped. The first and second epitaxial layers 16, 18 are here-
inafter referred to as n-type and p-type layers, respectively.

The region 14 and layers 16, 18 of the LEDs 12 may be
fabricated from different material systems, with preferred
material systems being Group-III nitride based material sys-
tems. Group-III nitrides refer to those semiconductor com-
pounds formed between nitrogen and the elements in the
Group III of the periodic table, usually aluminum (Al), gal-
lium (Ga), and indium (In). The term also refers to ternary and
quaternary compounds such as aluminum gallium nitride (Al-
GaN) and aluminum indium gallium nitride (AllnGaN). In a
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preferred embodiment, the n- and p-type layers 16, 18 are
gallium nitride (GaN) and the active region 14 is InGaN. In
alternative embodiments the n- and p-type layers 16, 18 may
be AlGaN, aluminum gallium arsenide (AlGaAs) or alumi-
num gallium indium arsenide phosphide (AlGalnAsP).

The substrate 20 can be made of many materials such at
sapphire, silicon carbide, aluminum nitride (AIN), GaN, with
a suitable substrate being a 4H polytype of silicon carbide,
although other silicon carbide polytypes can also be used
including 3C, 6H and 15R polytypes. Silicon carbide has
certain advantages, such as a closer crystal lattice match to
Group III nitrides than sapphire and results in Group III
nitride films of higher quality. Silicon carbide also has a very
high thermal conductivity so that the total output power of
Group-11I nitride devices on silicon carbide is not limited by
the thermal dissipation of the substrate (as may be the case
with some devices formed on sapphire). SiC substrates are
available from Cree Research, Inc., of Durham, N.C. and
methods for producing them are set forth in the scientific
literature as well as ina U.S. Pat. Nos. Re. 34,861 4,946,547,
and 5,200,022. In the embodiment shown, the substrate 20 is
atthe wafer level, with the plurality of LEDs 12 formed on the
wafer substrate 20.

Each of the LEDs 12 can have first and second contacts 22,
24. In the embodiment shown, the LEDs have a vertical
geometry with the first contact 22 on the substrate 20 and the
second contact 24 on the p-type layer 18. The first contact 22
is shown as one layer on the substrate, but when the LED
chips are singulated from the wafer the first contact 22 will
also be separated such that each LED chip 10 has its own
portion of the first contact 22. An electrical signal applied to
the first contact 22 spreads into the n-type layer 16 and a
signal applied to the second contact 24 spreads into the p-type
layer 18. The first and second contacts can comprise many
different materials such as Au, copper (Cu) nickel (Ni),
indium (In), aluminum (Al), silver (Ag), or combinations
thereof. In still other embodiments can comprise conducting
oxides and transparent conducting oxides such as indium tin
oxide, nickel oxide, zinc oxide, cadmium tin oxide, titanium
tungsten nickel, indium oxide, tin oxide, magnesium oxide,
ZnGa,0,, 7Zn0,/Sb, Ga,0,;/Sn, AgIn0O,/Sn, In,0;/Zn,
CuAlO,, LaCuOS, CuGaO, and SrCu,O,. The choice of
material used can depend on the location of the contacts as
well as the desired optical and electrical characteristics such
as transparency, junction resistivity and sheet resistance.

In the case of Group-I1I nitride devices, it is known that a
thin semitransparent current spreading layer typically can
cover some or all of the p-type layer 18. It is understood that
the second contact 24 can include such a layer which is
typically a metal such as platinum (Pt) or a transparent con-
ductive oxide such as indium tin oxide (ITO), although other
materials can also be used. The first and second contacts 22,
24 are hereinafter referred to as the n-type and p-type contacts
respectively.

The present invention can also be used with LEDs having
lateral geometry wherein both contacts are on the top of the
LEDs. A portion of the p-type layer 18 and active region is
removed, such as by etching to expose a contact mesa on the
n-type layer 16. The boundary of the removed portion of the
active region 14 and p-type layer 18 is designated by vertical
phantom line 25. A second lateral n-type contact 26 (also
shown in phantom) is provided on the mesa of the n-type layer
16. The contacts can comprise known materials deposited
using known deposition techniques.

Referring now to FIG. 15, and according to the present
invention, a p-type contact pedestal 28 is formed on the p-type
contact 24 that is utilized to make electrical contact to the
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p-type contact 24 after coating of the LEDs 12. The pedestal
28 can be formed of many different electrically conductive
materials and can be formed using many different known
physical or chemical deposition processes such as electro-
plating, mask deposition (e-beam, sputtering), electroless
plating, or stud bumping, with the preferred contact pedestal
being gold (Au) and formed using stud bumping. This method
is typically the easiest and most cost effective approach. The
pedestal 28 can be made of other conductive materials beyond
Au, such as the metals utilized for the first and second con-
tacts including Cu, Ni, In, or combinations thereof, or the
conducting oxides and transparent conducting oxides listed
above.

The process of forming stud bumps is generally known and
only discussed briefly herein. Stud bumps are placed on the
contacts (bond pads) through a modification of the “ball
bonding” process used in conventional wire bonding. In ball
bonding, the tip of the bond wire is melted to form a sphere.
The wire bonding tool presses this sphere against the contact,
applying mechanical force, heat, and/or ultrasonic energy to
create a metallic connection. The wire bonding tool next
extends the gold wire to the connection pad on the board,
substrate, or lead frame, and makes a “stitch” bond to that pad,
and finishes by breaking off the bond wire to begin another
cycle. For stud bumping, the first ball bond is made as
described, but the wire is then broken close above the ball.
The resulting gold ball, or “stud bump” remains on the contact
and provides a permanent, reliable connection through to the
underlying contact metal. The stud bumps can then be flat-
tened (or “coined”) by mechanical pressure to provide a flat-
ter top surface and more uniform bump heights, while at the
same time pressing any remaining wire into the ball.

The height of the pedestal 28 can vary depending on the
desired thickness of the phosphor loaded binder coating and
should be high enough to match or extend above the top
surface of the phosphor loaded binder coating from the LED.
The height can exceed 200 um, with typical pedestal height in
the range of 20 to 60 pm. In some embodiments, more than
one stud bump can be stacked to achieve the desired pedestal
height. The stud bumps or other forms of the pedestal 28 can
also have a reflecting layer or can be made of a reflective
material to minimize optical losses.

For the vertical geometry type LEDs 12 shown, only one
pedestal 28 is needed for the p-type contact 24. For alternative
lateral geometry LEDs a second n-type pedestal 30 (shown in
phantom) is formed on the lateral geometry n-type contact 26,
typically of the same materials, to substantially the same
height as the p-type pedestal 28, and formed using the same
processes.

Referring now to FIG. 1¢, the wafer is blanketed by a
phosphor/binder coating 32 that covers each of the LEDs 12,
and its contact 22, and has a thickness such that it covers/
buries the pedestal 28. For lateral geometry devices, the con-
tact 26 and pedestal 30 are also buried. The present invention
provides the advantage of depositing the phosphor coating
over the LEDs 12 at the wafer level without the need for
alignment over particular devices or features. Instead, the
entire wafer is covered, which provides for a simpler and
more cost effective fabrication process. The phosphor/binder
coating can be applied using different processes such as spin
coating, dispensing, electrophoretic deposition, electrostatic
deposition, printing, jet printing or screen printing. In other
embodiments the coating 32 can be provided as a separately
fabricated perform that can be bonded over each of the LEDs,
with one embodiment of a perform application method
described below and shown in FIGS. 7a to 7d.



US 9,159,888 B2

9

In a preferred embodiment, the phosphor can be deposited
over the wafer in a phosphor/binder mixture using spin coat-
ing. Spin coating is generally known in the art and generally
comprises depositing the desired amount of binder and phos-
phor mixture at the center of the substrate and spinning the
substrate at high speed. The centrifugal acceleration causes
the mixture to spread to and eventually off the edge of the
substrate. Final layer thickness and other properties depend
on the nature of the mixture (viscosity, drying rate, percent
phosphor, surface tension, etc.) and the parameters chosen for
the spin process. For large wafers it may be useful to dispense
the phosphor/binder mixture over the substrate before spin-
ning the substrate at high speed.

In another embodiment, the phosphor is deposited on the
wafer using known electrophoretic deposition methods. The
wafer and its LEDs are exposed to a solution containing
phosphor particles suspended in a liquid. An electrical signal
is applied between the solution and the LEDs which creates
an electrical field that causes the phosphor particles to
migrate to and deposit on the LEDs. The process typically
leaves the phosphor blanketed over the LEDs in powder form.
A binder can then be deposited over the phosphor with the
phosphor particles sinking into the binder to form the coating
32. The binder coating can be applied using many known
methods and in one embodiment, the binder coating can be
applied using spin coating.

The phosphor/binder coating 32 can then be cured using
many different curing methods depending on different factors
such as the type of binder used. Different curing methods
include but are not limited to heat, ultraviolet (UV), infrared
(IR) or air curing.

Different factors determine the amount of LED light that
will be absorbed by the phosphor/binder coating in the final
LED chips, including but not limited to the size of the phos-
phor particles, the percentage of phosphor loading, the type of
binder material, the efficiency of the match between the type
of phosphor and wavelength of emitted light, and the thick-
ness of the phosphor/binding layer. These different factors
can be controlled to control the emission wavelength of the
LED chips according to the present invention.

Different materials can be used for the binder, with mate-
rials preferably being robust after curing and substantially
transparent in the visible wavelength spectrum. Suitable
material include silicones, epoxies, glass, inorganic glass,
spin-on glass, dielectrics, BCB, polymides, polymers and
hybrids thereof, with the preferred material being silicone
because of its high transparency and reliability in high power
LEDs. Suitable phenyl- and methyl-based silicones are com-
mercially available from Dow® Chemical. In other embodi-
ments, the binder material can be engineered to be index
matched with the features such as the chip (semiconductor
material) and growth substrate, which can reduce total inter-
nal reflection (TIR) and improve light extraction.

Many different phosphors can be used in the coating 32
according to the present invention. The present invention is
particularly adapted to LED chips emitting white light. In one
embodiment according to the present invention LEDs 12 emit
light in the blue wavelength spectrum and the phosphor
absorbs some of the blue light and re-emits yellow. The LED
chips 10 emit a white light combination of blue and yellow
light. In one embodiment the phosphor comprises commer-
cially available YAG:Ce, although a full range of broad yel-
low spectral emission is possible using conversion particles
made of phosphors based on the (Gd,Y),(Al,Ga);O, ,:Ce sys-
tem, such as the Y;AL;0,,:Ce (YAG). Other yellow phos-
phors that can be used for white emitting LED chips include:
Tb, RE,O,,:Ce(TAG); RE=Y, Gd, La, Lu; or
Sr,_,,Ba,Ca Si0,:Fu.
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First and second phosphors can also be combined for
higher CRI white of different white hue (warm white) with
the yellow phosphors above combined with red phosphors.
Different red phosphors can be used including:
Sr,Ca,_S:Eu,Y; Y=halide;

CaSiAIN;:Eu; or
Sr, Ca Si0,:Eu

Other phosphors can be used to create saturated color emis-
sion by converting substantially all light to a particular color.
For example, the following phosphors can be used to generate
green saturated light:

SrGa,S,:Eu;
Sr,_,Ba Si0,:Eu; or
SrS1,0,N,:Eu.

The following lists some additional suitable phosphors
used as conversion particles in an LED chips 10, although
others can be used. Each exhibits excitation in the blue and/or
UV emission spectrum, provides a desirable peak emission,
has efficient light conversion, and has acceptable Stokes shift:
Yellow/Green
(Sr,Ca,Ba)(Al,Ga),S:Bu**

Ba,(Mg,Zn)Si,O,:Eu**
Gdy46570.31AL 530,F | 35 B0 o
(Ba,_,,Sr,Ca )SiO,:Fu
Ba,Si0,:Fu**

Red

Lu,O,:Eu**
(Sr,_La )(Ce, Eu)O,
Sr,Ce, _FuO,

Sr, .Eu CeO,
SrTi0,:Prr+,Ga®*
CaAlSiN,:Eu**
Sr,SisNg:Eu**

Different sized phosphor particles can be used including
but not limited to 10-100 nanometer (nm)-sized particles to
20-30 um sized particles, or larger. Smaller particle sizes
typically scatter and mix colors better than larger sized par-
ticles to provide a more uniform light. Larger particles are
typically more efficient at converting light compared to
smaller particles, but emit a less uniform light. In one embodi-
ment, the particle sizes are in the range of 2-5 pm. In other
embodiments, the coating 32 can comprise different types of
phosphors or can comprise multiple phosphor coatings for
monochromatic or polychromatic light sources.

The methods according to the present invention can be
more effective at depositing different sized particles on an
LED compared to conventional deposition processes such as
EPD. In EPD deposition processes similarly sized phosphor
particles may respond to the electric field in the solution and
deposit on the LED. Particles having different sizes, and in
particular larger sizes, may not react to the electric field in the
same way and may not deposit. Utilizing the present method,
different sized phosphors can be included in the coating as
desired before it is applied such that the end coating can have
the desired combination of smaller sizes to effectively scatter
and mix the light, and larger sizes to efficiently convert the
light.

The coating 32 can also have different concentrations or
loading of phosphor materials in the binder, with a typical
concentration being in range of 30-70% by weight. In one
embodiment, the phosphor concentration is approximately
65% by weight, and is preferably uniformly dispersed
throughout the binder. Still in other embodiments the coating
can comprise multiple layers of different concentrations or
types of phosphors, and the multiple layers can comprise
different binder materials. In other embodiments one or more
of the layers can be provided without phosphors with our
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more being substantially transparent to the LED light. As
more fully described below, in some embodiments a first coat
of clear silicone can be deposited followed by phosphor
loaded layers.

As discussed above, the pedestal 28 (and pedestal 30 for
lateral devices) are buried by the coating 32, which allows for
the LED chips 10 to be coated without the need for alignment.
After the initial coating of the LED chips, further processing
is needed to expose the pedestal 28. Referring now the FIG.
1d, the coating 32 is thinned or planarized so that the pedes-
tals 28 are exposed through the coating’s top surface. Many
different thinning processes can be used including known
mechanical processes such as grinding, lapping or polishing,
preferably after the binder has cured. Other fabrication meth-
ods can comprise a squeegee to thin the coating before cured
or pressure planarization can also be used before the coating
is cured. Still in other embodiments the coating can be
thinned using physical or chemical etching, or ablation. The
thinning process not only exposes the pedestals, but also
allows for planarizing of the coating and for control of the
final thickness of the coating over the LEDs. As mentioned
above, the coating 32 can have many different thicknesses
following planarization, with a range of thicknesses in one
embodiment being 1 to 100 pm. In still another embodiment,
the suitable range of thicknesses is 30 to 50 pm. In other
embodiments, the thickness of the coating can be non-uni-
form across the wafer or across a single LED, such as to
compensate for emission variations across the wafer.

Following planarization, the surface root mean squared
roughness of the coating should be approximately 10 nm or
less, although the surface can have other surface roughness
measurements. In some embodiments the surface can be tex-
tured during planarization. In other embodiments, after pla-
narization the coating or other surfaces, can be textured such
as by laser texturing, mechanical shaping, etching (chemical
or plasma), scratching or other processes, to enhance light
extraction. Texturing results in surface features that are 0.1-5
um tall or deep, and preferably 0.2-1 um. In other embodi-
ments, the surface of the LEDs 12 can also be textured or
shaped for improved light extraction.

Referring now to FIG. 1e, the individual LED chips 10 can
be singulated from the wafer using known methods such as
dicing, scribe and breaking, or etching. The singulating pro-
cess separates each of the LED chips 10 with each having
substantially the same thickness of coating 32, and as a result,
substantially the same amount of phosphor and emission
characteristics. For wafers having LEDs emitting similar
wavelengths of light, this allows for reliable and consistent
fabrication of LED chips 10 having similar emission charac-
teristics. Following singulation of the LED chips, a layer of
coating remains on the side surfaces of the LED and LED
light emitting from the side surfaces also passes through the
coating and its phosphor particles. This results in conversion
of at least some of the side emitting light, which can provide
LED chips having more consistent light emitting character-
istics at different viewing angles.

Following singulation, the LED chips can be mounted in a
package, or to a submount or printed circuit board (PCB)
without the need for further processing to add phosphor. In
one embodiment the package/submount/PCB can have con-
ventional package leads with the pedestals electrically con-
nected to the leads. A conventional encapsulation can then
surround the LED chip and electrical connections. In another
embodiment, the LED chip can be enclosed by a hermetically
sealed cover with an inert atmosphere surrounding the LED
chip at or below atmospheric pressure.

10

15

20

25

30

35

40

45

50

55

60

65

12

It is understood that although the embodiments described
above and below are described with reference to vertical and
lateral geometry devices, other devices having different
geometries can also be used. For example, devices having two
bottom-side contacts and no pedestals can also be coated
according to the present invention with electrical contact to
these devices made in different ways, such as through the
carrier substrate.

FIGS. 2a through 2f show another method for fabricating
LED chips 40 according to the present invention and for
similar features as those in LED chips 10 shown in FIGS. 1a
through 1e, the same reference numbers will be used herein
with the understanding that the description for these features
above applies to the other embodiments using the same ref-
erence numbers. Referring to FIG. 2a, LED chips 40 are
shown at a wafer level of their fabrication process and the
LEDs chips 40 have not been through all the steps necessary
before being separated/singulated from wafer into individual
LED chips. Phantom lines are shown between the LED Chips
to show the separation, singulation, or dicing line between the
LED chips 40. Like the LED chips 10 described above and
shown in FIGS. 1a through 1e, two devices are shown at the
wafer level but it is understood that many more LED chips can
be formed from a single wafer.

Each ofthe LED chips 40 comprises an LED 12 having an
active layer/region 14 sandwiched between oppositely doped
layers 16, 18, all of which are on substrate 20. The LEDs are
shown as separate devices etched or mechanically cut down to
the substrate 20 to form open areas between the LEDs 12,
although as described above, the layers can be continuous
with the individual devices separated during singulation. Dif-
ferent embodiments can have different spaces between adja-
cent LEDs following grinding, and in one embodiment the
separation is approximately 50 micrometers (microns). It is
further understood that additional layers can be included in
the LED chips 40 and that this fabrication method can also be
used with flip-chip LEDs provided on a carrier wafer.

Each of the LEDs 12 can have first and second contacts and
for vertical geometry devices the second contact 24 can be on
the second epitaxial layer 18. The first contact (not shown) is
deposited on the substrate 20 at a later step in the present
method, as shown in FIG. 2e and described below. For lateral
geometry devices a second lateral n-type contact 26 (shown in
phantom) is provided on the mesa of the n-type layer as
described above. The contacts can comprise the materials
described above in FIGS. 1a to 1e and can be deposited using
known techniques.

A p-type contact pedestal 28 is formed on the second
contact 24 and for lateral geometry devices, a second n-type
contact pedestal 30 (shown in phantom) can be formed on the
lateral geometry n-type contact 26. The p-type contact ped-
estal 28 and second n-type contact pedestal 30 are typically
formed of the same materials and to substantially the same
height using known processes. In alternative embodiments,
however, the pedestals 28, 30 can be formed to different
heights. It is understood that the pedestals 28, 30 can be made
ofthe same materials as described above and can be formed at
different points in this present method, such as after forma-
tion of the substrate grooves as described below.

The substrate 20 can have different thicknesses with one
embodiment of the LED chips 10 having a substrate that is
approximately 600 um thick. Sawing or dicing through a
substrate 20 of this thickness is challenging and time consum-
ing both using blade sawing or laser sawing. Blade sawing
can present a danger of substrate cracking, which can in turn
result in a danger of the cracks spreading to and damaging the
LEDs 12. Laser sawing such thick substrate would require
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multipass/multi level dicing or high power laser dicing or
combination of both. Multi level dicing is time consuming
while high power laser dicing leads to charring, which can
adversely impact performance of the LED chip.

To reduce the danger of cracking and charring and to main-
tain the pace of fabrication, the substrate 20 can be partially
cut from top using a laser, blade or other cutting method to
form a pre-coat scribe, groove or trench (“groove”). In one
embodiment, a blade is used when the cut passes partially
through the substrate 20 forming a groove 34 between adja-
cent LEDs 12. Depending on the width of the blade the groove
34 can also have different widths, such as in the range of
15-25 pm. This groove reduces the thickness of the substrate
20 that must be sawed or diced to finally separate the LED
chips 10, thereby reducing the danger of cracking. The
trenches can have different depths and widths depending on
the particular substrate thickness and materials for the sub-
strate, as well as the cutting method. In one embodiment, the
grooves have a depth in the range of 50 to 400 pum. In still
another embodiment the grooves can have adepth in the range
of 100-150 pum.

Referring now the FIG. 2¢, the LEDs 12 can be covered by
a phosphor/binder coating 32 that can be applied and cured
using the methods described above, and can comprise the
materials described above. The coating 32 can at least par-
tially fill the grooves 34 such that the coating 32 passes below
the top surface of the substrate 20. In the preferred embodi-
ment the coating substantially fills the grooves 34. The ped-
estal 28 (and lateral pedestal 30) are buried by the coating 32,
which allows for the LED chips 10 to be coated without the
need for alignment. Following curing, additional processing
is needed to expose the pedestals 28. Referring to FIG. 2d, the
coating 32 can be thinned or planarized so that the pedestals
28 are exposed through the coating’s top surface, using the
methods described above. The coating over the LEDs 12 can
have many different thicknesses such as in the range of 1 to
100 um, and in one embodiment a suitable range of thick-
nesses is 30 to 50 um.

Referring now to FIG. 2e, the substrate 20 can be thinned to
provide the desired overall device height for particular end
application, such as mounting the LED chip in an LED pack-
age. LED Chips according to the present embodiment can be
mounted in many different LED packages such as the one
described below and shown in FIGS. 31 and 32. For one LED
package according to the present invention, the substrate 20 is
thinned such that the overall height of the LED chip is in the
range of 100 to 150 um. It is understood, however, that the
LED chips for other applications or packages can have dif-
ferent overall thicknesses. The substrate can be thinned using
known methods such as mechanical grinding or chemical
etching, leaving a relatively small stabilization portion 36 of
the substrate 20 between the bottom of the trench 34 and the
bottom surface of the substrate 20. The stabilization portion
36 maintains the integrity of the substrate (wafer) during
subsequent processing steps and can have different thick-
nesses with some embodiments having thicknesses in the
range of 10-30 um.

In still another embodiment shown in FIG. 2f; the substrate
20 can be thinned such that the bottom portion of the grooves
are reached, leaving only a portion of the cured coating 32
between adjacent LED chips 40. In one such embodiment, the
grooves 34 can have a depth of more than 100 pm and the
substrate 20 can be thinned to 100 um, reaching at least the
bottom portion of the grooves 34. The overall thickness of the
LED package can then have an overall thickness of approxi-
mately 130 um.
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Referring now to FIGS. 2e and 2f, for vertical geometry
LEDs 12, a first contact 22 can be included as a layer of
conductive material on the bottom surface of the thinned
substrate 20, with the contact 22 being made of the same
materials as those described above. When the LED chips 40
are singulated from the wafer each has a portion of the layer
forming the first contact 22. An electrical signal applied
across the first and second contacts 22, 24, to cause the LED
12 to emit light.

Referring now to FIG. 2g, the LED chips can be singulated
from the wafer using known methods such as dicing, scribe
and breaking, cleaving or etching. This generally comprises
cutting through the coating 32 (and stabilizing portion 36 for
FIG. 2e) either from the bottom or from the top through to
separate the LED chips 40. In an alternative embodiment, the
coating 32 (or stabilization portion 36 and coating 32 for
embodiment in FIG. 2¢) is partially cut from the bottom, and
the remainder of the coating broken using known methods to
separate the LED chips 40. In one embodiment the cut from
the bottom reaches 30-40 micron before breaking, although it
is understood that it could also reach different depths.

The singulated LED chips 40 can have a portion of the
coating 32 remaining on at lease part of the sidewalls of the
substrate 20. As more fully described below, this sidewall
coating can enhance the uniform emission of the LED chips,
particularly in the those embodiments where the substrate at
least partially transmits LED light. The different cutting and
breaking steps used in the methods according to the invention
can result in angled surfaces on the LED chip, and in one
embodiment the breaking of the coating 32 to singulate the
LED chips 40 can leave lips or other irregularities in the
coating 32.

As mentioned above, the pedestals can be formed of many
different electrically conductive materials and can be formed
in many different ways. Preferred pedestals are capable of
withstanding the coating application curing and planarization
processes, while still providing a conductive path to their
respective LED. FIG. 3 shows another embodiment of LED
chips 45 according to the present invention similar to LED
chips 10 described above, but having a different kind of
pedestal. Each of the LED chips 45 comprises LEDs 12
formed on a substrate 20 and having n-type layer 16, active
region 14 and p-type layer 18 formed successively on the
substrate 20. LED chips 45 further comprise n-type contact
22, p-type contact 24, and coating 32. Pedestal 46 is included
on the p-type contact 24 with the coating planarized to expose
the top of the pedestal 46. In this embodiment, however, the
pedestal 46 does not comprise stud bumps, but instead com-
prises a short wire or microwire. Different methods can be
used for forming the microwire, with a suitable method being
micro soldering to the p-type contact 24. The microwire can
have different lengths and widths that allow it to withstand
subsequent processing steps, with a suitable length being in
the range of 5-500 um and width being the range of 50-200
um. The LED chips can then be singulated using different
methods such as those described above. The LED chips 40
can alternatively have lateral geometry and can include a
second lateral n-type contact 26 with a second microwire 48
(shown in phantom). The microwires 46, 48 can be made of
many different conductive materials such as Au, Cu and other
metals alone or in combination.

For the LED chips 10, 40 and 45 described above, light
from the LED 12 that is emitted toward substrate 20 for
transparent substrates can pass out of the LED chip through
the substrate without passing through the phosphor/binder
coating 32. This can be acceptable for generating certain
colors or hues of light. In embodiments where this substrate
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emission or absorption is to be prevented or minimized, the
substrate 20 can be opaque (such as Si) so that light from the
LED 12 emitted toward the substrate 20 is blocked or
absorbed so that most light emitting from the LED chip comes
from light passing through the coating 32.

FIG. 4 shows anther embodiment of LED chips 50 that are
similar to the LED chips 10 described above and shown in
FIGS. 1a through 1le, but having additional features to
encourage emission of LED chip light toward the top of the
LED chips 50 and to minimize light passing into the substrate
20. Each of the LED chips 50 comprises LEDs 12 formed on
a substrate 20 and having n-type layer 16, active region 14 and
p-type layer 18 formed successively on the substrate 20. LED
chips 50 further comprise n-type contact 22, p-type contact
24, p-type pedestal 28 and coating 32. The coating 32 is
planarized to expose the pedestal 28. The LED chips 50 can
alternatively have lateral geometry with the additional ped-
estal as described above.

LED chips 50 can also comprise a reflective layer 52 that is
arranged to reflect light emitted from the active region toward
the substrate 20, back toward the top of the LED chips 50.
This reflective layer 52 reduces the emission of light from the
LEDs 12 that does not pass through conversion material
before emitting from the LED chips 50, such as through the
substrate 20 and encourages emission toward the top of the
LED chips 50 and through the coating 32.

The reflective layer 52 can be arranged in different ways
and in different locations in the LED chip 50, with the layer 52
as shown arranged between the n-type layer 16 and the sub-
strate 20. The layer can also extend on the substrate 20 beyond
the vertical edge of the LED chips 12. In other embodiments
the reflective layer is only between the n-type layer 16 and the
substrate. The layer 52 can comprise different materials
including but not limited to a metal or a semiconductor reflec-
tor such as a distributed Bragg reflector (DBR). It is also
understood that reflective layers can also be included in other
locations on the LED chips 50, such as on the substrate 20.

In some embodiments the active region 14 and the n- and
p-type layers 16, 18 can be continuous layers on the substrate
20 as shown by phantom lines between the LEDs 12. In these
embodiments, the LEDs are not separated until the step when
the LED chips 50 are singulated. Accordingly, the resulting
LED chips may have a layer of the coating 32 only over the
top surface of the LEDs, with the side surfaces being free of
the coating following singulation. This can allow for emission
of'the active region light out the side surfaces of the LEDs 12,
but in embodiments utilizing these LEDs in relation to the
surrounding features, this emission of light without encoun-
tering phosphor material can be minimal compared to the
amount of light passing through the phosphor material. In still
other embodiments described below, the LED chips can com-
prise coating over the side surfaces to encourage conversion
of light emitting from these surfaces.

The methods according to the present invention can be
used to coat many different devices and LEDs. FIGS. 5a
through Se show a different LED chip 60 having a structure
different from the LED chip 10 described above and shown in
FIGS. 1a through 1e. Referring first to FIG. 54, the LED chip
60 is also at wafer level and shown prior to singulating. It
comprises LEDs 62 that are not on a growth substrate, but are
instead flip-wafer bonded to a carrier substrate 64. In this
embodiment, the growth substrate can comprise the materials
described above for growth substrate 20 in FIGS. 1a through
le, but in this embodiment the growth substrate is removed
after (or before) flip-wafer bonding, with the substrate
removed using known grinding and/or etching processes. The
LEDs 62 are mounted to the carrier substrate 64 by layer 66,
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which is typically one or more bond/metal layers, and which
also serve to reflect light incident on it. In other embodiments,
the growth substrate or at least portions thereof remain. The
growth substrate or the remaining portions can be shaped or
textured to enhance light extraction from the LEDs 62.

Many different material systems can be used for the LEDs,
with a preferred material system being the Group-III nitride
material system grown using known processes as described
above. Like the LEDs 12 in FIGS. 1a-1e each of the LEDs 62
generally comprises an active region 68 sandwiched between
n-type and p-type epitaxial layers 70, 72 although other layers
can also be included. Because LEDs 62 are flip-wafer bonded,
the top layer is the n-type layer 70, while the p-type layer 72
is the bottom layer arranged between the active region 68 and
the bond/metal layer 66. The carrier substrate can be many
different known materials, with a suitable material being
silicon.

For vertical geometry LED chips 60, an n-type contact 74
can be included on top surface of each of the LEDs, and a
p-type contact 76 can be formed on the carrier substrate 64.
The n- and p-type contacts 74, 76 can also be made of con-
ventional conductive materials deposited using known tech-
niques similar to the first and second contacts 22, 24 shown in
FIGS. 1a through 1e and described above. As also described
above, the LEDs can have a lateral geometry with the n- and
p-type contacts on the top of the LED:s.

Referring now to FIG. 54, each of the LED chips 60 can
have a pedestal 78 formed on its first contact 70, with each
pedestal being formed of the same material and using the
same methods as those described above for pedestal 28 in
FIGS. 15 through 1e. As shown in FIG. 5¢ the LED chip wafer
can then be covered by a blanket coating 80 preferably com-
prising a phosphor loaded binder. The same phosphors and
binder can be used as those for the coating 32 described above
and shown in FIGS. 1¢ through 1e, and can be deposited using
the same methods. The coating 80 covers and buries the LEDs
62, their first contacts 74 and the pedestals 78, with the coat-
ing 80 being deposited without alignment steps.

Referring now to FIG. 54, the coating 80 can be planarized
or thinned to expose the pedestals 78 and to control thickness
of the coating 80 using the methods described above. Refer-
ring now to FIG. 5e, the individual LED chips 60 can be
singulated from the wafer using the methods described above.
These devices can then be packaged or mounted to a sub-
mount or PCB. In other embodiments the carrier substrate can
be removed, leaving a coated LED that can then be packaged
or mounted to a submount or PCB. It is further understood
that the LED chips 60 can be similarly fabricated using the
groove and substrate thinning method described above and
shown in FIGS. 2a to 2f.

The flip-wafer bonded LEDs can also have reflective ele-
ments or layers to encourage light emission in the desired
direction. FIG. 6 shows LED chips 90 at the wafer level that
are similar to the LED chips 60 shown in FIGS. 5a through 5/
and described above. For similar features the same reference
numbers are used herein, and although LED chips 90 are
shown having vertical geometry LEDs 62, it is understood
that lateral geometry LEDs can also be used. The LED chips
90 comprise LEDs 62 mounted to a substrate 64 that can
either be a carrier or growth substrate. Each of the LEDs 62
comprises an active layer 68, n-type layer 70, p-type layer 72,
p-type contact 76, n-type contact 74, and pedestal 78 as
described above, and a phosphor loaded binder coating 80 is
formed over the LEDs also as described above. In this
embodiment, however, a reflective layer 92 is included
between the LEDs 62 and the substrate 64 that can comprise
a highly reflective metal or reflective semiconductor struc-
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tures such as a DBR. The reflective layer 92 reflects LED light
that is emitted toward the substrate 64 and helps prevent light
from passing into the substrate where at least some ofthe light
can be absorbed by the substrate 64. This also encourages
light emission from the LED chips 90 toward the top of the
LED chips 90. It is understood that a bond/metal layer (not
shown) can also be included below the reflective layer or in
other locations, particularly in the embodiments where the
substrate 64 is a carrier substrate. The LED chips 90 can also
comprise a p-contact layer adjacent to the p-type layer 72 to
encourage ohmic contact to the layers below.

The methods described above can include many additional
processing steps and can have steps completed in different
order. The additional steps can comprise probing or testing of
the LED chips at different points in the fabrication and tai-
loring the phosphor/binder coating thickness and/or compo-
sition to compliment the operating characteristics of the
LEDs to reach the target operating characteristics of the LED
chips.

FIG. 7 is a flow diagram for one embodiment of method
100 according to the present invention incorporating many of
the manufacturing steps described above, but also including
additional steps for tailoring the phosphor/binder coating.
The method 100 can be accomplished under computer control
orwith computer assistance. In 102, the LEDs are provided as
continuous epitaxial layers on a growth substrate and flip-
chip mounted on a carrier substrate with the growth substrate
removed as described above and shown in FIGS. 5a to 5e. The
LEDs can then be cut to form the individual devices on the
carrier substrate. In an alternative embodiment the LEDs can
be cut prior to flip-chip mounted on the carrier substrate with
the growth substrate removed from the individual LEDs.

In 104 the wafer is probed using different methods such as
electrical and optical testing. The resulting data can be pro-
vided to a computer where a map of the operating character-
istics of the LEDs across the carrier wafer is generated. The
map can include data regarding which of the LEDs meet
certain operating criteria and which do not. The carrier wafer
with its LEDs can then be binned depending on the operating
characteristics of its LEDs. The appropriate phosphor or fluo-
rescent material can be selected for the wafer based on the
wavelength range to target a specific color point or color
range. For example, the appropriate phosphor can be selected
for blue emitting LEDs to target a specific white light color
point or range.

In 106, a pre-coat trench or groove can be formed in the
carrier substrate as described above and shown in FIG. 25. In
108 the carrier wafer and its LEDs can be visual inspected for
defects, with the results also being sent to a computer to
merge with electrical/optical test data map. The resulting map
can be utilized to generate a “good” die map showing that they
meet the desired criteria. In 110 the thickness of the carrier
wafer can also be measured with the results also being pro-
vided to the computer.

In 112, the pedestals are formed on the LEDs as described
in the embodiments above (such as in FIGS. 14 and 15) and
can comprise for example stud bumps or microwires. It is
understood that the appropriate contacts can also be deposited
on the LEDs. The die map can be used so that pedestals are
formed only on the “good” LEDs. Alternatively, the pedestals
can be formed on all the LEDs.

In 114 the phosphor/binder coating can be formed on over
and blanketing the LED chips using the methods described
above (such an in FIG. 1¢), and then cured. The appropriate
phosphor material can be selected based on the characteristics
of the LEDs on the carrier wafer and the desired color point
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for the LED chip. One or different phosphors, such as those
listed above, can be used and can be applied using the meth-
ods described above.

In 116, the phosphor layer can be thinned using the meth-
ods describe above (such as in FIG. 1d) to expose the pedes-
tals buried by the phosphor/binder coating. Based on the
operating characteristics of the LEDs across the wafer and the
properties of the phosphor (or fluorescent) material selected,
the end thickness of the coating can be calculated to reach a
desired color point/range and still expose the pedestals. In
some embodiments determination of the appropriate thick-
ness and the thinning can be automated under computer con-
trol.

In 118 the wafer can again be electrically and optically
probed to determine color point for final binning with color
and intensity. In 120, the backside of the carrier wafer can be
thinned as described above and shown in FIG. 2e to achieve
the desired thickness of the overall wafer. In step 122, the
LED chips are singulated using the methods described above.
In step 124 the individual LED chips are binned and sorted
using the wafer level probe data.

It is understood that the methods according to the present
invention can have different steps utilized to tailor the phos-
phor coating to achieve the desired characteristics for the end
LED chip. The methods also have fewer or more steps than
those described above and different steps can be utilized that
can occur in different order.

FIGS. 8a through 8d show another embodiment of LED
chips 130 fabricated according to the present invention that
are similar to the LED chips 60 described above and shown in
FIGS. 5a through 5/ It is understood, however, that this
method can also be used with non flip-wafer bonded embodi-
ments such as the embodiment described above and shown in
FIGS. 1a through 1e. Referring first to FIG. 84, the LED chips
130 comprise vertical LEDs 62 mounted to a substrate 64 that
in this case is a carrier substrate. It is understood that lateral
LEDs can also be used as described above. Each of the LEDs
62 comprises active layer 68, n-type layer 70, p-type layer 72,
p-type contact 76, n-type contact 74, and pedestal 78 as
described above. For LED chips 130, however, are covered by
a prefabricated or preformed coating layer 132 that can have
the phosphor (and other) materials described above fixed in a
binder also made of the materials described above.

Referring now to FIG. 85, the layer 132 is placed over and
covering the LEDs 62 and their pedestals 78 to provide a
conformal coating. In one embodiment a bonding material
can be included between the layer 132 and the LED chips 130
for adhesion, with typical adhesives being used such as sili-
cones or epoxies. To further encourage conformal coating, the
layer 132 can be heated or a vacuum can be applied to pull the
layer 132 down over the LED chips 130. The layer 132 can
also be provided in a state where the binder is not fully cured
so that the layer 132 more readily conforms to the LED chips.
Following conformal placement of the layer 132, the binder
can be exposed to its final curing.

Referring now to FIG. 8¢, the layer 132 can be planarized
using the methods described above to expose the pedestals 78,
making them available for contacting. As shown in FIG. 84,
the LED chips 130 can then be singulated using the methods
described above, including the groove and substrate thinning
method described above and shown in FIGS. 2a to 2f

The fabrication method for LED chips 130 allows for the
thickness of the phosphor/binder coating to be accurately
controlled by controlling the thickness of the layer 132. This
method also allows for the use of different layer thicknesses
and composition for different desired emission characteris-
tics for the LED chips 130. It is understood that in different
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embodiments more than one prefabricated or preformed layer
can be utilized having different phosphors in different con-
centration and in different binder materials to achieve the
desired LED chip emission color point.

FIGS. 94 through 9¢ show still another embodiment of
LED chips 140 according to the present invention similar to
LED chips 60. Referring first to FIG. 94, each of the LED
chips 140 has vertical LEDs 62 mounted to a substrate 64 that
can either be a carrier or growth substrate. Each of the LEDs
62 comprises active layer 68, n-type layer 70, p-type layer 72,
p-type contact 76, n-type contact 74, and pedestal 78 as
described above. A coating 142 made of the materials
described above is included over the LEDs 62, burying the
pedestals 78.

Referring to FIG. 95, in this embodiment the coating 142 is
not planarized to expose the pedestals 78. Instead, the coating
remains at a level higher than the pedestals and a portion of
the coating 142 burying the pedestal 78 is removed leaving
recessed portions 144 in the coating 142. The pedestals 78 are
exposed through the recessed portions 144 for contacting.
Many different methods can be used to remove the coating
such as conventional patterning or etching processes. Refer-
ring now to FIG. 9¢, the LED chips 140 can then be singulated
using the methods described above.

This method of forming recessed portions 144 can be used
in conjunction with planarizing of the coating 142. The layer
142 can be planarized to the level that provides the desired
emission characteristics of the LED chip 140, which may be
above the pedestals 78. The recessed portions 144 can then be
formed to access the pedestals. This allows for forming ped-
estals of reduced height lower than the coating, which can
reduce fabrication costs related to forming the pedestals 78.
This process can require some alignment with forming the
recessed portions, but the coating 142 is still applied without
the need for alignment.

The pedestals in the LED chips embodiments above are
described as comprising a conductive material such as Au,
Cu, Ni or In, preferably formed using stud bumping pro-
cesses. Alternatively, the pedestals can be made of different
materials such as the conductive oxides and transparent con-
ductive oxides described above and can be formed using
different methods as described above. FIG. 10 shows another
embodiment of LED chips 150 according to the present
invention comprising LEDs 152 flip-wafer bonded on a car-
rier substrate 154. In this embodiment, the pedestal 156 com-
prises a semiconductor material 158 formed generally in the
shape of a pedestal 156. The semiconductor material 158 can
be on the first contact, or as shown can be on the first epitixial
layer 160. A pedestal layer 162 of conductive material is
included on the top surface ofthe semiconductor material 158
and extending to the top surface of the first epitaxial layer 160
and forming an n-type contact.

The semiconductor material 158 can be formed in many
different ways and can comprise many different materials,
such as the material comprising the LED epitaxial layers or
the growth substrate material, e.g. GaN, SiC, sapphire, Si, etc.
In one embodiment, the semiconductor material 158 can be
etched from the epitaxial layers, and then coated with the
pedestal layer 162. In other embodiments, portions of the
growth substrate can remain on the epitaxial layers during
removal of the growth substrate from the LEDs 152. The
remaining growth substrate portions can then be covered by
the pedestal layer 162.

FIG. 11 shows another embodiment of LED chips 170 still
in wafer form that are similar to the LED chips 150 in FIG. 10,
and the same reference numbers are used for similar features
herein. The LED chips 170 comprise LEDs 152 flip-wafer
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bonded on a carrier substrate 154. A pedestal 174 is formed on
each of the LEDs 152, preferably on the n-type contact 175.
The pedestal 174 comprises a patternable material 176 in
substantially the shape of the pedestal 174 that is covered with
apedestal layer 178 of conductive material that extends to the
first contact 175. The patternable material 156 can comprise
different materials compatible with LED fabrication and
operation such as BCB, polymides and dielectrics. These
materials can be formed on the LEDs 152 using known pro-
cesses. Alternatively, pedestal 174 can be formed using pat-
ternable and electrically conducting materials such as silver
epoxy or printable inks, in which case layer 178 may not be
required. Other methods and approaches for fabricating ped-
estals can be used, some of which are described in John Lau,
“Flip-Chip Technologies”, McGraw Hill, 1996.

Like the embodiments above, the wafer comprising the
LED chips 150 and 170 can be blanketed by a layer of coating
material, burying the LED chips and their pedestals. The
coating material can comprise the phosphors and binders
described above, and can be thinned using the methods
described above to expose the pedestals through the coating
materials. The LED chips can then be singulated using the
methods described above.

The present invention can also be used to fabricate wafer
level emitter arrays. FIG. 12 shows one embodiment of wafer
level LED array 180 that comprises LEDs 181 flip-wafer
bonded on a carrier substrate 182 by a bond/metal layer 183.
The LEDs comprise an active region 184 between first and
second epitaxial layers 185, 186 with a first contact 187 on the
first epitaxial layer 185. A pedestal 188 is included on the first
contact 187 and a coating 189 of phosphor loaded binder
coating blankets the LEDs 181, contacts 187 and pedestals
188, with the coating being thinned to expose the top of the
pedestals 188. For the LED array 180 however, the individual
LED chips are not singulated. Instead, an interconnecting
metal pad 190 is included on the surface of the LED array 180,
interconnecting the exposed tops of the pedestals 188 in a
parallel fashion. An electrical signal applied to the metal pad
190 conducts to the LEDs having their pedestals 188 coupled
to the metal pad 190, illuminating the LEDs in an array. It is
understood that the LED array 180 can comprise many dif-
ferent numbers of LEDs arranged in different ways, such as in
a row or block, depending on the LEDs that are intercon-
nected by the metal pad 190.

FIG. 13 shows another embodiment of an LED array 200
according to the present invention also having LEDs 202
flip-wafer bonded to a carrier substrate 204, with each of the
LEDs 202 comprising an active region 208 between first and
second epitaxial layers 210, 212. A first contact 214 is on the
first epitixial layer 210 with a pedestal 216 formed on the first
contact 214. A phosphor loaded binder coating 218 is
included over the LEDs 202, first contacts 214 and pedestals
216, with the top surface of the pedestals 216 exposed. The
LEDs 202 are mounted to the carrier substrate 204 by an
electrically insulating bond layer 220 and a p-contact 222 is
between each of the LEDs 202 and the insulating bond layer
220. Conductive vias 224 run between the p-contact and the
surface of the coating 218 between the LEDs 202, and respec-
tive metal pads 226 run on the surface of the coating 118
between each of the posts 224 and a respective adjacent
pedestal 216. This arrangement provides for a conductive
path between the LEDs 202 such that the LEDs 202 are
connected in series array, with the conductive path between
the LEDs isolated from the substrate by the insulating bond
layer 220. An electrical signal applied to the metal pads runs
through each of the LEDs causing them to emit light in an
array. It is understood that the LED array 200 can comprise
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many different numbers of LEDs arranged in different ways,
such as in a row or block, depending on the LEDs that are
interconnected by the metal pads 226.

Many different LED chips having different structures can
be fabricated according to the present invention. FIG. 14
shows another embodiment of LED chips 350 according to
the present invention arranged similarly to the LED chips 10
shown in FIGS. 1a through 1e and described above, and for
similar features the same reference numbers are used herein.
The LED chips 350 have vertical geometry and comprise
LEDs 12 each of which comprise an active region 14 between
n-type and p-type epitaxial layers 16, 18. A pedestal 28 is
formed on the p-type contact 24 with a phosphor loaded
binder coating 32 covering the LEDs 12. In this embodiment
however, the LEDs 12 are on a transparent substrate 352,
which allows for a reflective layer 354 to be formed on the
substrate 352 opposite the LEDs 12. Light from the LEDs 12
can pass through the substrate 352 and reflect back from the
reflective layer 354 while experiencing minimal losses. The
reflective layer 354 is shown between the contact 22 and the
substrate 352, but it is understood that the reflective layer 354
can be arranged differently, such as being the bottommost
layer with the contact 22 between the reflective layer 354 and
the substrate 352.

FIG. 15 also shows another embodiment of LED chips 370
according to the present invention also arranged similar to the
LED chips in FIGS. 1a through 1e. The LED chips 370 in this
embodiment have lateral geometry and comprise LEDs 12
each of which comprise an active region 14 between n-type
and p-type epitaxial layers 16, 18. A portion of the p-type
layer 18 and the active region 14 is etched to reveal the n-type
layer 16, with p-type contact 24 on the p-type layer 18 and the
n-type contact 26 on the n-type layer 16. A p-type pedestal 28
is on the p-type contact 24 and n-type pedestal 30 is on the
n-type contact 26. A phosphor loaded binder coating 32 cov-
ers the LEDs 12 with the pedestals 28, 30 exposed through the
coating 32. The LEDs 12 are on a transparent substrate 372
and a reflective layer 374 included on the substrate 372 oppo-
site the LEDs 12. The LEDs 12 have a lateral geometry with
an p-type contact 24 and p-type pedestal 28 on the top of each
of the LEDs 12. The reflective layer 374 also reflects light
from the LEDs with the light experiencing minimal loss
through the substrate 372.

Many different variations to the LED chips can be fabri-
cated according to the present invention and FIG. 16 shows
another embodiment of LED chips 400 having LEDs 402
having an active region 405 between n- and p-type layers 406,
408, on a growth substrate 404. It is understood that the LEDs
402 can also be provided with the growth substrate thinned or
after the growth substrate has been removed. The LEDs also
have n-type and p-type contacts 407, 409. The LEDs 402 are
diced or singulated and flip-chip bonded to a submount/car-
rier wafer 410. Conductive traces 412 are formed on the
submount/carrier wafer 410 with each of the LEDs 402
mounted on the traces 412, with the first trace 412a in elec-
trical contact with the n-type layer 406 and the second trace
4125 in contact with the p-type layer 408. Conventional traces
can be used comprising aluminum (Al) or Au deposited using
known techniques such as sputtering. The LED 402 is
mounted to the traces 412 by flip-chip bonds 413 that can be
arranged in conventional ways using known materials such as
Au, or gold/tin solder bumps or stud bumps.

It is further understood that the pedestals in FIG. 16, and in
the embodiments discussed above and below, can also be
made of an insulating material coated by a conductive layer.
In one embodiment, the pedestals can comprise substrate
material or submount/carrier wafer material. For the LED
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chips 400, the submount/carrier wafer can be fabricated with
pedestals with each of the LEDs mounted between pedestals.
A conductive layer can be formed over the pedestals in con-
tact with the conductive traces or in contact with the LED
using other arrangements. It is further understood that the
pedestals can have many different shapes and sizes, and in
one embodiment can comprise a reflective cup with an LED
mounted within the cup. The cup can be coated with a con-
ductive layer in contact with the conductive traces or the LED
using other arrangements. During planarization of the phos-
phor binder coating, the top of the cups can be exposed for
contacting. In still other embodiments, the cup can have its
own pedestals that can be exposed during planarization.

An n-type pedestal 414 is formed on the first trace 412a and
ap-type pedestal 416 is formed on the second trace 4125, with
both pedestals being formed using the methods described
above. A phosphor/binder coating 418 is included over the
LEDs 402, burying the pedestals 414, 416. The coating 418
can then be planarized to expose the pedestals 414, 416 for
contacting, or in other embodiments the recesses can be
formed in the coating to expose the pedestals 414, 416. The
LED chips can then be singulated using the processes
described above.

The fabrication method described in conjunction with LED
chips 400 allows for the use of good quality singulated LEDs
402 with the desired emission characteristics to be selected
for mounting to the wafer 404. The arrangement also allows
for the mounting of LEDs 402 to the wafer with larger spaces
between the LEDs 402 while not wasting valuable epitaxial
material through etching of the material to form the spaces.

FIG. 17 shows still another embodiment of LED chips 500
according to the present invention having singulated lateral
geometry LEDs 502 mounted to a carrier substrate. Each of
the LEDs 502 comprises an active region 504 between n- and
p-type layers 506, 508, all formed successively on a growth
substrate 510. The substrate 510 can be many different mate-
rials, with the preferred substrate being a transparent material
such as sapphire. The LEDs 502 are singulated with at least a
portion of the growth substrate 510 remaining.

The LEDs 502 are then mounted to a carrier substrate 512
with the substrate down. The carrier substrate 512 comprises
a first phosphor/binder coating 514 on a transparent substrate
516. The first coating 514 can be adhesive to hold the LEDs
502 or an additional adhesive materials can be used.

A p-type contact 518 is provided on the p-type layer 508
and an n-type contact 520 is provided on the n-type layer 506.
The contacts 518, 520 can comprise many different materials,
with the preferred material being reflective. By being reflec-
tive, the contacts 518, 520 reflect active region light making
the carrier substrate 512 the primary emission surface. P-type
pedestal 522 is formed on the p-type contact 518, and n-type
pedestal 524 is formed on the n-type contact 520 as described
above. A second phosphor/binder coating 526 is formed over
the LEDs 502, burying the pedestals 522, 524. As described
above, the second coating 526 can then be planarized to reveal
the pedestals 522, 524.

The LED chips 500 can then be singulated and this arrange-
ment provides LED chips 500 having LEDs 502 that are
surrounded by a phosphor layer provided by the first and
second coating 514, 526. The singulated LED chips 500 can
also be packaged as a conventional flip-chip device except
with the first and second coatings providing a white-emitting
LED flip chip without further phosphor processing. This
embodiment provides the further advantage of ability to use
good quality singulated LEDs 502 with the desired emission
characteristics for mounting to the wafer carrier wafer 512,
such that the resulting LED chips 502 are of good quality. The
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LEDs 502 can also be mounted to the wafer with larger spaces
between the LEDs 502 while not wasting valuable epitaxial
material through etching of the material to form the spaces.

FIGS. 184 through 184 show still another embodiment of
LED chips 600 according to the present invention. Referring
first to FIG. 18a, each of the LED chips comprises LEDs 602
each of which has an active region 604 between n- and p-type
layers 606, 608, all formed successively on a growth substrate
610 that is preferably a transparent material such as sapphire.
The LEDs 602 have alateral geometry with areflective n-type
contact 612 on the n-type layer 606 and a reflective p-type
contact 614 on the p-type layer 608. An n-type pedestal 616 is
formed on the n-type contact 612, and a p-type pedestal 618
is formed on the p-type contact 614. A first phosphor/binder
coating 620 is provided over the LEDs 602, initially burying
the pedestals 616, 618, with coating then planarized to reveal
the pedestal.

Referring now to FIG. 185, backside trenches 622 are
formed through the substrate 610 and partially into the coat-
ing 620, with the trenches 622 arranged between the LEDs
602. The trenches 622 can be formed using many different
methods such as by etching or cutting. Referring now to FIG.
18¢, a second phosphor/binder coating 624 can be formed
over the trench side of the substrate 610, filling the trenches
622. The second coating can then be planarized as desired.
Referring to FIG. 184, the LED chips 600 can be singulated
with the LEDs 602 being surrounded by a phosphor layer
provided by the first and second coatings 620, 624. The LED
chips 600 provide similar advantages as the LED chips 500 in
FIG. 17, and provides good quality flip-chip devices that can
provide white light emission without additional phosphor
processing.

Referring again to FIGS. 18a and 185, as an alternative to
forming trenches 622, the growth substrate 610 can be
removed entirely to expose the bottom surface of the n-type
layer 606. The second phosphor/binder coating 624 can then
be formed over the exposed n-type layer, and planarized as
desired.

The present invention can also be used to cover individual
LEDs instead of those on formed in an LED chip wafer. In
these embodiments, the LED chips can be singulated and then
mounted in a package or to a submount or PCB. The LED
chips can then be coated and planarized according to the
present invention to expose the pedestal(s) for contacting.

LED chips according to the present invention can be
arranged in different ways with many different features such
as features to enhance LED chip light extraction. FIG. 19
shows another embodiment of an LED chip 700 that can be
fabricated utilizing the methods described above. It com-
prises an LED 702 on a substrate 704 with the LED preferably
flip-chip mounted on the substrate 704 by a bonding material
706. In other embodiments the substrate can comprise the
growth substrate for the LED 702. The LED 702 can be made
of many different semiconductor materials such as those
described above, and can comprise the layers described above
including the active layer/region and the oppositely doped
layers (n-type and p-type). For ease of illustration and under-
standing, the different layers of the LED 702 are not shown.

The LED chip 700 further comprises first and second con-
tacts 708, 710. For flip-chip LEDs, the first contact 708 is on
the n-type layer and the second contact 710 is in the form of
a layer of conductive material on the substrate 704 arranged
such that an electrical signal applied to the second contact 710
spreads through the substrate 704 to the LED’s p-type layer.
The contacts 708, 710 can be made of any of the conductive
materials described above, with the second contact 710 in this
embodiment comprising AuSn. It is understood that for lat-
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eral geometry devices the first and second contacts can be
included on the surfaces of the LED 702.

A pedestal 712 is included on the first contact 708 that can
be made of the materials described above and can be fabri-
cated using the methods described above. For lateral geom-
etry devices a second pedestal can be included on the second
contact. A phosphor/binder coating 714 can be included over
the LED 702 with the pedestal 712 extending from the first
contact 708 to the top surface of the coating 714. The coating
714 can comprise the materials described above and can be
applied and planarized using the methods described above. In
the embodiment shown, the surface 716 of the LED 702 is
textured, roughened or patterned to enhance light extraction.
The texturing can be applied using known mechanical or
etching methods as well as micro-nano imprinting methods. It
is also understood that the opposite surface of the LED that is
adjacent to the bonding material 706 can also be textured to
enhance light extraction, with the texturing performed prior
to flip-chip mounting and with the texturing embedded in the
bonding material 706.

For the LED chip 700, the coating 714 extends along the
side surfaces of the substrate 704 which can be formed using
many different methods including the groove and substrate
thinning method described above and shown in FIGS. 24 to
2f. For LED chips formed using this method and formed with
stabilization portion of the substrate remaining, a portion of
the side surface will remain that is uncovered by the coating
714 corresponding to the stabilization portion. In an alterna-
tive groove and substrate thinning method according to the
present invention, the grooves can be made wider such that
when they are filled with the coating the wafer can be stabi-
lized by the coating material within the grooves. The substrate
can then be thinned up to the bottom of the grooves, and the
LED chips separated. This can leave a coating along substan-
tially all of the side surfaces of the LED chips, which can
enhance uniform LED chip light emission.

Different embodiments of LED chips can have different
dimensions for their layers and features. In the embodiment
shown, the second contact 710 can be approximately 3 um
thick, the substrate 704 can be approximately 100 um thick
and the LED 702 can have an overall thickness of approxi-
mately 3 um. The roughening of the LED can result in fea-
tures having different depths in said LED 12, with the rough-
ening providing valleys having a depth of approximately 2
um. Although the depth of the textured features can vary, the
preferred depth is greater than 10% of the overall thickness of
the LED 702. The thickness of the coating 714 over the top
surface of the LED 702 is approximately 30 um as measured
from the lowest point in the valleys. The contact 708 is
approximately 5 um thick as measured from the lowest point
in the valleys, with the pedestal being approximately 25 um
tall.

Embodiments of LED chips according to the present inven-
tion can also comprise additional features to further enhance
light emission uniformity and efficiency. Referring again to
FIG. 19, a current spreading structure 718 can be included on
the LED 702 to improve current spreading and injection from
the first contact 708. The current spreading structure can have
many different forms, but preferably comprises fingers of
conductive material on the surface of the LED 702 contacting
the first contact 714. The current spreading structure can be
deposited using known methods and can comprise the mate-
rials described above for the contacts and pedestals including
Au, Cu, Ni, In, Al, Ag or combinations thereof and conduct-
ing oxides and transparent conducting oxides.

FIG. 20 shows the top view of another embodiment of the
an LED chip 750 according to the present comprising an LED
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752 and a phosphor/binder coating 754 formed over the LED
752 as described above. The LED chip 750 further comprises
two first contacts 758 on the surface of the LED 752, each of
which can have a pedestal (not shown) reaching from its
respective one of the first contacts 758 to the surface of the
coating 754. It is understood that other embodiments can have
one first contact or more than two first contacts, with all or
some of the contacts having a pedestal.

A current spreading structure 756 is included on the surface
ofthe LED 752 and in contact with both the first contacts 758.
The structure 756 comprises conductive fingers arranged in a
grid on the LED 752 with the fingers spaced to enhance
current spreading from the contacts 758. In operation, an
electrical signal is applied to the one or more pedestals that is
conducted through the pedestals to the contacts 758. Current
spreads from the contacts 758 to the current spreading struc-
ture 756 and into the LED 752.

Referring again to FIG. 19, layers and materials can also be
included to improve current spreading on both sides of the
LED 702. A layer of transparent conductive material (not
shown) can be included on the textured surface of the LED
702, with the coating 714 over the textured surface. The
transparent conductive material can enhance current spread-
ing from the contact 708 and current spreading structure 718,
and can comprise different materials such as ITO or other
transparent conductive oxides. A current spreading material
can also be included in the layer of bonding material to
enhance current spreading from the second contact 710 and
substrate 704, to the LED 702. The current spreading material
can comprise the same material used for the current spreading
structure 716 and the layer of transparent conductive mate-
rial.

FIG. 21 shows another embodiment of the an LED chip 760
according to the present invention comprising an LED 762
mounted on a substrate 764 by a bonding material 766. The
LED has larger uniform textured features 768 with a phos-
phor/binder coating 770 over the features. The LED chip
further comprises a first contact 772 and pedestal 774 and a
second contact layer 776 on the substrate 764. In other
embodiments, more than one pedestal can be used. The coat-
ing 770 can conformally coat over the features 768 that can be
applied using different methods such as spin coating, and like
the embodiments above the initial coating covers the pedestal.
The coating can then be planarized down to the pedestal 774
so that it can be contacted.

FIG. 22 shows another embodiment of an LED chip 780
according to the present invention comprising an LED 782
mounted on a substrate 784 by a bonding material 786. The
LED 782 has semicircle texture pattern and the LED 782 is
covered by a phosphor/binder coating 788 that fills the texture
pattern. The coating 788 can then be planarized to reveal the
LED chip mesas 776 and a first contact 790 can then be
deposited on one or more of the mesas. Alternatively, a con-
tact and pedestal can be included on one or more of the mesas
prior to coating, with the coating then planarized to the ped-
estals. This method results in at least some of the coating
remaining on the mesas. A second contact 792 can also be
included on the substrate 784.

In other embodiments of LED chips according to the
present invention, the coating can have different geometries
and can cover less than all of the LED or can cover most of the
surfaces of the LED chip. Referring again to FIG. 19, the
coating 714 covers the side surfaces of the substrate 704 such
that light from the LED 702 that would otherwise escape from
the side surfaces without encountering the conversion phos-
phors now passes through at least some phosphors such that at
least some of the light can be converted. This helps reduce the
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emission of unconverted light around the edges of the LED
chip 700 particularly in those embodiments having a trans-
parent substrate. For white LED chips, this arrangement can
reduce emission of unconverted blue light from the side sur-
faces, which can result in more uniform white emission from
the LED chip. In one embodiment, the thickness of the coat-
ing 714 on the side of the LED chip 700 is approximately
equal to the thickness over the LED 702 such that light emit-
ting from different surfaces of the LED chip 700 passes
through a similar amount of conversion phosphor. This can
result in substantially uniform emission from the LED chip
700 at different viewing angles.

In some applications unconverted light emitting from the
side surfaces of the LED chip can be acceptable. FIG. 23
shows another embodiment of an LED chip 800 that is similar
to the LED chip 700 described above and comprising an LED
802, substrate 804, bonding layer 806, first contact 808, sec-
ond contact 810, pedestal 812 and phosphor/binder coating
814. It is understood that the LED 802 comprises multiple
layers butis shown as a single layer for ease of illustration and
explanation. The top surface of the LED can also be textured
as described above. The LED chip 800 has a coating 822 that
covers all or most of the surface of the LED 802 but leaves the
remaining surfaces of the LED chip uncovered. FIG. 24
shows another embodiment of an LED chip 820 having a
coating 822 that covers the LED 802 and the exposed top
surface of the substrate 804 (or bonding layer 806), but leaves
the substrates side surfaces uncovered. FIG. 25 shows still
another embodiment of an LED chip 830 having a coating
832 covering the LED 802, the top surface of the substrate
804, and a portion of the substrate’s side surfaces. For the
LED chips 800, 820 and 830, at least some unconverted light
can escape from the side surfaces. In still other embodiments
and as further described below, the LED chips can be
mounted in packages that can compensate for side emission
of unconverted light.

The coating can also be tailored such that it can have
different thicknesses at different locations on the LED chip.
FIG. 26 shows still another embodiment of an LED chip 840
also having an LED 802, substrate 804, bonding layer 806,
first contact 808, second contact 810 and pedestal 812. The
LED chip 840 has a coating 842 covering the LED 802, the
top exposed surface and side surfaces of the substrate 804.
The lower portion of the coating 852 on the side surfaces is
thinned.

The coating in LED chips according to the present inven-
tion can also take different shapes over the LED. FIG. 27
shows another embodiment of an LED chip 850 according to
the present invention having an LED 802, substrate 804,
bonding layer 806, first contact 808, second contact 810 and
pedestal 812. In this embodiment, the coating 852 is in the
shape of a dome over the LED 802, with the pedestal exposed
through the surface of the coating. In other embodiments, the
coating can also be in the shape of a dome and can also at least
partially cover the side surfaces of the substrate 804. FIG. 28
shows still another embodiment of an LED chip 860 accord-
ing to the present invention having a coating 862 with a
convex shape over the LED 802. Like the other embodiments,
the pedestal is exposed through the top surface of the coating
862 and in other embodiments the side surface of the substrate
804 can also be at least partially covered.

In other embodiments, the surface of the coating can also
be modified to enhance light extraction from LED chip. FIG.
29 shows an embodiment of an LED chip 870 according to the
present invention having a an LED 802, substrate 804, bond-
ing layer 806, first contact 808, second contact 810 and ped-
estal 812. The LED chip further comprises a coating 872
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having a textured top surface to enhance light extraction. The
texturing can be formed using the same processes as those
used to texture the surface of the LED, such as known
mechanical or chemical etching processes. In some embodi-
ments having a textured LED, the texturing of the LED can
transfer to the coating when it is applied and any current
spreading structures can also transfer variations in the surface
of'the coating. In the preferred embodiment, the variations in
the texturing on the coating 872 exceeds more than 10% of the
coating thickness. It is understood that the side surfaces of
coatings described in the above embodiments can also be
textured.

The embodiments of the coatings described above are
shown with phosphors that are substantially uniform through-
out. Different embodiments of LED chips according to the
present invention can also have coating with sections having
different concentrations and types of phosphors. FIG. 30
shows an embodiment of an LED chip 880 according to the
present invention having an LED 802, substrate 804, bonding
layer 806, first contact 808, second contact 810 and pedestal
812. It further comprises a coating 882 having first portion
8824 with one or more phosphors and a second portion 8825
not having phosphors and being substantially transparent.
The coating 882 can be fabricated in different ways such as by
applying a first coating layer with phosphor and then applying
a second coating layer on the first layer that does not have a
phosphor.

FIG. 31 shows another embodiment of an LED chip 890
having a coating 892 having a first portion 892« having no
phosphors and a second portion 8925 of the first having one or
more phosphors. This coating can also be fabricated by
depositing different layers, with the first having no phosphors
and the second having phosphors. It is understood that addi-
tional layers or portions can be included having different
phosphors of different concentration and the coatings in these
embodiments can also have the different shapes and geom-
etries described above and can also have surface texturing.

The LED chips described above can be mounted in many
different fixtures or LED packages. FIGS. 32 and 33 show
one embodiment of an LED package 900 utilizing one or
more LED chips according to the present invention. The
package 900 generally comprises a substrate/submount
(“submount™) 902, an LED chip 904 mounted on the substrate
902 and a reflector cup assembly (“reflector cup”) 906 also
mounted on the submount 902. It is understood, however, that
in other LED package embodiments a reflector cup is not
included, particularly in those embodiments where there is
minimal LED light leakage from the LED’s side surfaces.

Secondary optics, such as a lens 908 can be placed or
formed over the LED 904, such as on the reflector cup 906 and
bonded to the package using different mounting methods. In
those embodiments not having a reflector cup the lens can be
formed or placed directly over the LED using known tech-
niques. In the embodiment shown, light from the LED 904
passes primarily through the lens 908 with at least some of the
light emitted laterally from the LED chip being reflected by
the reflector cup 906 to contribute to useful emission from the
package 900. Space between the bottom of the lens 908 and
the remainder of the package 900 can be filled with an encap-
sulating material or encapsulant such as a liquid silicone gel
(not shown) with the bottom of the lens 908 in contact with the
gel. In other embodiments the lens 908 can also be in contact
with the LED 904. The package 900 can then be heat cured,
which causes the encapsulating material to solidify and
adhere to the lens 908, bonding the lens 908 in place over the
LED 904 and reflector cup 906.
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Many different lenses with different features such as tex-
turing and scattering particles can also be utilized. In some
embodiments the lens can have a flat disk shape. Many dif-
ferent encapsulating materials can also be used in the pack-
ages according to the present invention to provide different
output characteristics. In the preferred embodiment the LED
package emits a white light with the various components
arranged to achieve the desired color point.

The submount 902 may be formed of many different mate-
rials with a preferred material being electrically insulating.
Suitable materials include, but are not limited to aluminum
oxide or aluminum nitride. The reflector cup 906 should be
formed of durable, high melting temperature material that can
withstand subsequent packaging manufacturing steps and the
heat generated by the package during operation. Many differ-
ent materials can be used, such as high melting temperature
material including plastics, such a Novella resin, or liquid
crystal polymers. The submount 902 has a top surface com-
prising electrical traces 910 providing a conductive path for
electrical connection to the LED 904 using known contacting
methods.

In LED packages utilizing convention coating methods
such as the “glob” method or EPD, much of the area within
the reflective cup 906 can be covered by a conversion material
and its binder, including the LED chip, the surface of the
substrate, and the surfaces of the reflective cup. Utilizing
LED chips fabricated according to the present invention, the
phosphor/binder coating is confined to the LED chip with the
other surfaces remaining uncovered. The LED package 900
can also compensate for emission of unconverted light around
the edges of the LED package, by reflecting the unconverted
light to mix with the converted light.

FIG. 34 is a table showing performance characteristics of
an LED package similar to the one shown in FIGS. 32 and 33
utilizing an LED chip similar to the LED chip 700 described
above and shown in FIG. 19. For a current applied to the LED
chip of 350 milli-amps (mA) the LED package exhibits a
luminous flux of approximately 98 lumens (Im) and an effi-
cacy of 86 lumens per watt (Im/W). For a higher drive current
of 700 mA, the package exhibits a luminous flux of 167 Im
and an efficacy of 72 Im/W. FIG. 35 is a graph showing
performance comparisons between the LED packages with
LED chips having standard contacts, such as PtAg, compared
to the improved performance with LED chips with modified
mirror contact.

Although the present invention has been described in detail
with reference to certain preferred configurations thereof,
other versions are possible. Therefore, the spirit and scope of
the invention should not be limited to the versions described
above.

We claim:

1. A light emitting diode (LED) chip, comprising:

an LED comprising a textured surface, said LED compris-
ing semiconductor layers;

a contact on said semiconductor layers;

a pedestal in electrical contact with and formed on said
contact; and

a coating at least partially covering said LED, said coating
comprising a light emitting surface, said pedestal
extending through to the light emitting surface of said
coating and exposed at the surface of said coating for
electrical contact, wherein said coating is conformal
such that said coating comprises a substantially uniform
thickness over said textured surface.

2. The LED chip of claim 1, wherein said LED emits white

light.
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3. The LED chip of claim 1, wherein said coating is on the
top surface of said LED.
4. The LED chip of claim 1, wherein said coating is on the
top and side surfaces of said LED.
5. The LED chip of claim 1, wherein said LED is on a
substrate.
6. The LED chip of claim 5, wherein said coating is also on
the side surfaces of said substrate.
7. The LED chip of claim 1, further comprising a current
spreading structure.
8. The LED chip of claim 7, wherein said coating com-
prises portions having different concentrations of phosphors.
9. The LED chip of claim 1, further comprising a current
spreading layer.
10. The LED chip of claim 1, wherein the surface of said
coating is textured.
11. The LED chip of claim 1, wherein said coating is
shaped.
12. The LED chip of claim 1, wherein said coating com-
prises one or more phosphors.
13. The LED chip of claim 1, wherein said pedestal com-
prises one or more stud bumps.
14. The LED chip of claim 1, wherein said pedestal com-
prises a microwire.
15. The LED chip of claim 1, further comprising a reflec-
tive layer formed integral to said substrate.
16. The LED chip of claim 1, wherein said pedestal is
exposed for external connection.
17. The LED chip of claim 1, wherein said coating is
planarized to expose a top surface of said pedestal.
18. The LED chip of claim 1, wherein said pedestal covers
less than all of a top surface of said contact.
19. The LED chip of claim 1, wherein said contact is
directly on one of said semiconductor layers.
20. The LED chip of claim 1, wherein said pedestal com-
prises a single layer.
21. A light emitting diode (LED) chip, comprising:
an LED mounted on a substrate, wherein a surface of said
LED is textured for light extraction;

an integral coating at least partially covering said LEDs
and comprising a light emitting surface, said integral
coating formed by at least partially covering said LED
with said coating at the wafer level and curing said
coating at the wafer level such that said integral coating
completely covers the sides of said substrate;

a contact on said LED; and

a pedestal in electrical contact with said contact, said ped-

estal further extending through and to the light emitting
surface of said coating and exposed at the light emitting
surface of said coating.

22. The LED chip of claim 21, wherein said coating is on
the top surface of said LED.

23. The LED chip of claim 21, wherein said coating is on
the top and side surfaces of the LED.

24. The LED chip of claim 21, wherein said coating is on
the top and side surfaces of said LED and on the side surfaces
of said substrate.

25. The LED chip of claim 21, further comprising a reflec-
tive layer.

26. The LED chip of claim 21, wherein the top surface of
said LED is textured.

27. The LED chip of claim 21, wherein said substrate is at
least partially transparent.

28. The LED chip of claim 21, wherein said substrate is
opaque.

29. The LED chip of claim 21, further comprising a current
spreading structure.
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30. The LED chip of claim 21, further comprising a current
spreading layer.

31. The LED chip of claim 21, wherein the surface of said
coating is textured.

32. The LED chip of claim 21, wherein said coating is
shaped.

33. The LED chip of claim 21, wherein said coating com-
prises one or more phosphors.

34. The LED chip of claim 33, wherein said coating com-
prises portions having different concentrations of phosphors.

35. The LED chip of claim 21, wherein said pedestal is
exposed for external connection.

36. The LED chip of claim 21, wherein said coating is
planarized to expose a top surface of said pedestal.

37. The LED chip of claim 21, wherein said contact is
directly on one of said LED.

38. The LED chip of claim 21, wherein said pedestal com-
prises a single layer.

39. A light emitting diode (LED) chip wafer, comprising:

aplurality of LEDs comprising semiconductor layers, each

of said LEDs comprising at least one textured surface to
enhance light extraction, wherein said semiconductor
layers are continuous between at least two of said plu-
rality of LEDs;

aplurality of contacts, each of said contacts being on one of

said textured surfaces;

a plurality of pedestals, each of which in electrical contact

with and formed on one of said contacts; and

a coating at least partially covering said LEDs and com-

prising a light emitting surface, at least some of said
pedestals extending through said light emitting surface
and exposed at the surface of said coating for electrical
contact, wherein said coating is conformal such that said
coating comprises a substantially uniform thickness
over said at least one textured surface.

40. The LED chip wafer of claim 39, wherein at least one of
said pedestals comprises stud bumps.

41. The LED chip wafer of claim 39, wherein at least one of
said pedestals comprises a microwire.

42. The LED chip wafer of claim 39, further comprising at
least one current spreading structure on one of said LEDs,
said current spreading structure in electrical contact with at
least one of said contacts.

43. The LED chip wafer of claim 39, further comprising at
least one current spreading layer.

44. The LED chip wafer of claim 39, wherein said textured
LED surface comprises texture features that are larger than
10% of the thickness of said LED.

45. The LED chip wafer of claim 39, said coating com-
prises a textured surface.

46. The LED chip wafer of claim 45, wherein said coating
textured surface comprises features larger than 10% of the
thickness of said coating.

47. The LED chip wafer of claim 39, further comprising a
groove between two adjacent LEDs, said coating at least
partially filling said groove.

48. The LED chip wafer of claim 39, wherein said coating
comprises multiple phosphors.

49. The LED chip wafer of claim 39, wherein said coating
comprises scattering particles.

50. The LED chip wafer of claim 39, wherein said coating
comprises a phosphor loaded binder.

51. The LED chip wafer of claim 39, wherein said LEDs
are interconnected in an LED array.

52. The LED chip wafer of claim 39, further comprising a
reflective layer formed integral to said substrate wafer.
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53. The LED chip wafer of claim 39, wherein said coating
comprises multiple portions with different concentrations of
phosphors.

54. The LED chip wafer of claim 39, capable of emitting
white light from said LEDs and coating. 5
55. The LED chip wafer of claim 39, wherein said pedestal

is exposed for external connection.

56. The LED chip wafer of claim 39, wherein said coating
is planarized to expose a top surface of said pedestal.

57. The LED chip wafer of claim 39, wherein said contact 10
is directly on one of said textured surfaces.

58. The LED chip wafer of claim 39, wherein at least one of
said plurality of pedestals comprises a single layer.
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